Introduction. Cell penetrating peptides (CPPs) have the ability to translocate through cell membranes with high efficiency and therefore can introduce biological agents with pharmaceutical properties into the cell. Transportan (TP) and its shorter analog transportan 10 (TP10) are among the best studied CPPs, however, their effects on viability of and cargo introduction into colorectal cancer (CRC) cells have yet not been investigated. The aim of our study was to evaluate the cytotoxic effects of TP and TP10 on representative CRC lines and the efficiency of protein (streptavidin) and siRNA cargo delivery by TP-biotinylated derivatives (TP-biot). Material and methods. HT29 (early stage CRC model) and HCT116 (metastatic CRC model) cell lines were incubated with TP, TP10, TP-biot1, TP-biot13 and TP10-biot1. The effects of studied CPPs on cell viability and cell cycle were assessed by MTT and annexin V assays. The uptake of streptavidin-FITC complex into cells was determined by flow cytometry and fluorescence microscopy, with the inhibition of cellular vesicle trafficking by brefeldin A. The efficiency of siRNA for SASH1 gene delivery was measured by quantitative PCR (qPCR). Results. Since up to 10 µM concentrations of each CPP showed no significant cytotoxic effect, the concentrations of 0.5-5 µM were used for further analyses. Within this concentration range none of the studied CPPs affected cell viability and cell cycle. The efficient and endocytosis-independent introduction of streptavidin-FITC complex into cells was observed for TP10-biot1 and TP-biot1 with the cytoplasmic location of the fluorescent cargo; decreased SASH1 mRNA level was noticed with the use of siRNA and analyzed CPPs. Conclusions. We conclude that TP, TP10 and their biotinylated derivatives can be used as efficient delivery vehicles of small and large cargoes into CRC cells.
Introduction
Cell-penetrating peptides (CPPs), also known as peptide transduction domains (PTDs), make a new class of transmembrane delivery vectors with high pharmaceutical potential [1] . CPPs can be taken up by living cells and can deliver different covalently coupled cargoes into cells both in vitro [2] or in vivo [3, 4] . Among transport peptides penetratin [5] , Tat-peptide [6] , oligoarginine [7] , and transportan (TP) [8] belong to the best characterized.
TP is a 27 amino acids (aa) long chimeric peptide (Table 1 ) containing 12 aa from the amino-terminal part of the neuropeptide galanin and the 14 aa long mastoparan (Vespula lewisii wasp venom), connected via a lysine residue [8] . TP reveals some characteristic features of both galanin and mastoparan since it inhibits the binding of galanin to GALR-1 receptor as well as modulates the activity of Gs proteins due www.fhc.viamedica.pl to the inhibition of GTPase activity [9] . The shorter analogs of TP (TP7-15) showed lower cytotoxity in comparison to TP, galanin and mastoparan [8] . TP10, a 21 aa version of TP (Table 1 ) has been widely studied due to its high cellular uptake rate and lack of the inhibition of GTPase activity [10] .
Although the uptake of different cargoes and cytotoxicity of many CPPs has been analyzed in various types of cell cultures, the effects of TP and TP10 on colorectal cancer (CRC) cell lines have yet not been investigated. Therefore, the main goal of the present study was to analyze the effects of TP and TP10 and their derivatives on the viability and cell cycle of HT29 and HCT116 cell lines, which are related to early (HT29) and metastatic (HCT116) stages of CRC.
Currently, there is no consensus on how transportan and its derivatives deliver molecules to the cell. Various mechanisms such as different types of endocytosis as well as direct translocation via the plasma membrane have been proposed [11, 12] . The mode of internalization can depend on peptide concentration, size of the cargo molecule, temperature and specific properties of the plasma membranes of the studied cells [13] . The translocation can take place via the energy dependent or independent route and multiple factors have been suggested to control the balance between various internalization pathways [14] [15] [16] . Similarly, some reports suggest direct translocation to the cell of TP10 [17, 18] , whereas other studies suggest its endocytosis [12, 19] . Thus, we aimed to check possible method of TP and TP10 penetration into CRC cells by determining their transport ratios after inhibition of endocytosis with the use of brefeldin A [20] [21] [22] . Additionally, we used a model of cellular penetration based on an introduction of a large, FITC-labeled protein (streptavidin, M.W. = 52.8 kDa vs. 2.1 or 2.8 kDa for TP10 and TP molecules, respectively) or small siRNA molecule which decreases mRNA ratio of SASH1 gene. Our investigation of TP and TP10 penetration into CRC cell lines may contribute to the results of other studies on CPP attached to peptides [23] , short interfering RNA (siRNA) and DNA oligonucleotides [24] as well as peptide nucleic acid (PNA) oligomers [25] .
Material and methods
All plastic labware was obtained from Sarstedt (Nümbrecht, Germany) and the culture reagents were obtained from SigmaAldrich (St. Louis, MO, USA), if not stated otherwise.
Cell lines.
Human colorectal cancer cell lines HT29 (ATCC cat. # HTB-38) and HCT116 (ATCC cat. # CCL-247) were cultured at a density of 1-2 × 10 6 cells per 25-cm 2 flask in McCoy (HT29) or Dulbecco's Modified Eagle's (DMEM) medium (HCT116), supplemented with 10% fetal bovine serum (FBS) and penicillin (100 U/mL)/streptomycin (100 µg/mL). Cultures were conducted at 37°C in humidified atmosphere containing 5% CO 2 . The cells were detached every 2-3 days with 0.25% trypsin/EDTA. The medium was exchanged after each passage. Cells were cultured for 24 h before initiation of the experiments.
Peptide and siRNA synthesis, purification and handling. All peptides used in this study (Table 1) were synthesized in the Department of Chemistry of Biological Active Molecules, University of Gdansk, Poland, using the Fmoc strategy of solid-phase peptide synthesis as described previously [26] . Purification and analysis of the peptides were performed with the use of MALDI-TOF mass spectrometer. All peptides were lyophilized and stored at -30°C until use. Peptide solutions at dedicated concentrations were prepared directly before use in plastic vials by the addition of 0.9% NaCl.
Lyophilized siRNA for SASH1 gene (Abcam, Cambridge, UK) was dissolved to 10 µM stock in nuclease-free water (A&A Biotechnology, Gdynia, Poland). The vials were stored at -80°C until further use.
Assessment of CPP cytotoxicity. The MTT assay, a colorimetric method for measuring the activity of mitochondrial succinate dehydrogenase in living cells, was used for the cytotoxicity assessment according to previously described procedure [27] with some modifications [28] . In brief, HT29 or HCT116 cells were seeded in 96-well plates to a density of 10 000 cells/well in 0.2 mL of above-specified culture media. After 24 h following concentrations [µM] of CPPs were added to wells: 0.05, 0.1, 0.5, 1, 5, 10, 25, 50. As a negative control cells were treated with 0.9% NaCl. After 2 h of incubation (5% CO 2 , 37°C), 15 µL MTT solution was added into each well to reach the final con- Protein cargo delivery with the use of biotinylated derivatives of TP and TP10. Streptavidin conjugated with FITC (strept-FITC) was used as a cargo molecule in this experiment. Biotinylated CPPs (Table 1) were used in this study since the biotin-steptavidin bonds are known as one of the strongest between biologically active molecules (Kd ≈ 10 −14 mol/L) [29] . The strept-FITC-CPP complexes were obtained by the incubation of 50 µL of TP-biot1, TP-biot13 or TP10-biot1 (all at 20 µM concentration) with 50 µL of 5 µM strept-FITC in the above-specified serum-free media, for 30 min at 25°C. Cells cultures at the density of 3 × 10 5 , on 6-well plate were treated for 2 h at 25°C with strept-FITC-CPP complex to a final concentrations of 0.5/2 µM strept-FITC/CPP or 1.0/4.0 µM strept-FITC/CPP. Thereafter, cells were washed with PBS, trypsinized, washed twice with PBS and the cell culture serum-free media were added. The transport of streptavidin-FITC into cells was also assessed with the use of non-biotinylated TP and TP10 at the concentration of 0.25 µM strept-FITC/CPP complex. The following controls were prepared: negative -cells with 0.9% NaCl added; CPP without FITC -cells incubated with TP-biot1, TP-biot13 or TP10-biot1 at a final concentration of 2 or 4 µM; strept -cells incubated only with strept-FITC at a final concentration 0.5 µM or 1 µM. Samples were divided into two vials and first set was analyzed by flow cytometry to quantify the FITC signal. The second set of samples was placed on microscopic glass slides and immediately observed by fluorescence microscopy (Nikon Eclipse 800 microscope, Nikon, Tokyo, Japan). The images were acquired with Hamamatsu camera (model no. C47-42-95) at 494 nm wavelength and archived.
Inhibition of endocytosis by brefeldin A.
To check if incorporation of strept-FITC-CPP complex into the cells occurred by endocytosis, the cellular vesicular traffic was inhibited with the use of brefeldin A [30] . Briefly, cells were incubated for 1 h (5% CO 2 , 37°C) in serum-free cell media containing 10 µg/mL brefeldin A. Thereafter, cells were washed with PBS, trypsinized, washed twice with PBS and the cell culture serum-free media were added. Then cells were processed to measure the transport of the strept-FITC-CPP complexes by flow cytometry as described above for streptavidin delivery protocol. siRNA cargo delivery. SASH1 gene has been chosen as a target for siRNA delivery by using TP or TP10, since our preliminary data showed a stable expression of this gene in HT29 and HCT116 cells. We used a procedure described by Ezzat et al. [31] . Cells were seeded into 24-well plates at a density of 50 000 cells/well in 1 mL of medium. After 24 h incubation at 37°C, siRNA was added into each well at the concentrations of 10 or 50 nM. CPPs (TP, TP-biot1, TP10 and TP10-biot1) were added to a final concentration of 2 µM to each well containing cells and siRNA. All assays were run in triplicate. The cells were then incubated (5% CO 2 , 37°C) for 12, 24 and 48 h. After incubation, cell pellet was obtained by centrifugation at 20 817 g for 5 min at 4°C, and the cells were stored at -80°C. mRNA was extracted with the use of modified Chomczyn ski--Sacchi phenol-chloroform method (Total RNA Mini kit, A&A Biotechnology, Gdynia, Poland) and eluted with 70 µL of RNAse-free water, followed by RNA purity and concentration measurement (NanoDrop ND1000, Thermo Fisher Scientific, Fitchburg, WI, USA). 1 µg of total RNA was reversibly transcribed (RevertAid kit, Fermentas-Thermo Fischer Scientific) at 42°C for 60 min, The resulting cDNA was quantified by qPCR (StepOnePlus, Life Technologies-Applied Biosystems, Grand Island, NY, USA). The primers' sequences for GAPDH (reference gene [32] ) are: 5'-CTGTTCGACAGTCAGCCG-CATC and 5'-GCGCCCAATACGACCAAATCCG, and for SASH1 gene: 5'-GATACGCAGAGGACTTGGATCAGC and 5'-ATGGGCAGACCGATGGAAATGAG. The qPCR reactions were carried out in triplicate in 10 µL sample which contained 1 µL of four-times diluted cDNA and SybrGreen No ROX kit (BioLine, London, UK) using the following protocol: 2 min at 95°C; 40 cycles of (5 s at 95°C, 10 s at 59°C, 15 s at 72°C, 10 s at 77°C -fluorescence read). Dynamic melt curve analyses from 60°C to 95°C were conducted. Negative control containing water instead of cDNA as well as positive control with cDNA from untreated cells were added to each run. Data were archived using StepOne Software ver. 2.2 (Life Technologies-Applied Biosystems).
Statistical analysis. Statistica 10 software (StatSoft, Tulsa, OK, USA) was used for statistical analysis. Data represent mean values ± standard deviation (SD). Since partial values did not pass D'Agostino normality test, we used non-parametric Mann-Whithey U test and Kruskal-Wallis ANOVA. Microsoft Excel 2013 (Microsoft Corp., Redmond, WA, USA), GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA) were used for the generation of plots. P < 0.05 (*) and p < 0.01 (**) were considered as statistically significant.
Results

Cytotoxic effects of TP, TP10 and their biotinylated derivatives on HT29 and HCT116 cells
The viability of HT29 and HCT116 cells incubated with various concentrations of TP, TP10, TP10-biot1, TP-biot1 and TP-biot13 was assessed by the MTT assay ( Figure 1 ). Since 5 to 10 µM concentration range of any CPP did not substantially affect viability of CRC cells (Figure 1) , hence CPPs in a concentration range of 0.1-5 µM were used in further experiments. The 10 µM concentration of TP, TP10 and their biotinylated derivatives can be treated as a common cytotoxic border for the analyzed CRC cell lines.
Based on viability-regression curves, we also calculated CPP lethal doses (LD) sufficient to kill 50 or 90% CPP-treated cells (LD50, LD90, Table 2 ). Similar sensitivity to the studied CPPs were observed in both cell lines after 24 h incubation. Slightly higher cytotoxicity was observed for TP and TP10 biotinylated at position 1 (TP-biot1, TP10-biot1, Table 2 ). The least cytotoxic CPP in both analyzed cell lines was TP-biot13 which hardly affected cell viability; LD90 value was calculated far beyond applied TP-biot13 concentrations ( Figure 1C , Table 2 ). 
Influence of CPPs on cell cycle progression and induction of apoptosis
Delivery of FITC-labeled streptavidin into cells by biotinylated TP and TP10
Delivery of strept-FITC was performed to check if large protein cargo can be introduced into cells with the use of TP-biot1, TP-biot13 and TP10-biot1 (Figure 3 ). Since one streptavidin molecule binds four biotin molecules [29] , for quantitative analysis two different concentrations of biotinylated CPPs were used: 2 and 4 µM which corresponded to 0.5 and 1 µM streptavidin concentration.
The efficient delivery of strept-FITC into HCT116 cells with the use of studied biotinylated derivatives was observed after 2 h of incubation with 4 µM CPP ( Figure 3B ). The significant increase of fluorescent signal was observed for TPbiot1 at 4 µM CPP concentration. In relation to control cells the fluorescence signals in HT29 were 7 times higher, while in HCT116 were 4 times higher. For TP10-biot1 comparable efficiency of delivery rate at 4 µM concentration was observed only in HCT116 cells but not in HT29 cells ( Figure 3B) .
On the contrary, TP-biot13 was found to be ineffective in delivery of CPPs, since no successful delivery at 2 µM CPP into HCT116 cells could be observed. The 
Endocytosis is not involved in the streptavidin transport by CPPs
The possible involvement of endocytosis and other vesicle-based cellular trafficking pathways in streptavidin introduction into the studied CRC cells were blocked with the use of brefeldin A. Since TP-biot13 showed poor delivery rate (Figure 3) , only on TP-biot1 and TP10-biot1 were studied. The intracellular transport of strept-FITC-CPP conjugate was not inhibited by brefeldin A treatment. Although the increased fluorescent signal for TP-biot1 at 4 µM concentration was lower after incubation with brefeldin A than without endocytosis inhibition (5-fold vs. 7-fold signal in HT29 and 3-fold vs. 4-fold signal in HCT116 cells) ( Figures 3 and 4) , it was significantly higher than in control cells. Moreover, the efficiency of transport across the plasma membrane was proportional to CPP concentration (Figure 4 ). Comparable efficien- www.fhc.viamedica.pl cy of TP10-biot1 mediated transport of streptavidin complex with or without brefeldin A was observed (Figures 3 and 4) . These results show that endocytosis was not involved in the mechanisms of large protein cargo delivery into CRC cell lines by TP-biot1 and TP10-biot1.
Intracellular localization of streptavidin-FITC/ /TP-biot1 intracellular complex
Based on the highest delivery rate of streptavidin conjugated with TP-biot1 into HT29 cells compared to control cells ( Figure 3A) , we performed the qualitative study of cellular location with the use of fluorescent microscopy. Since the concentrations of CPPs/strept-FITC used for quantitative studies showed very intense fluorescence signal (data not shown), we had to decrease concentration down to 1/0.25 µM TP -biot1/strept-FITC and shorten the incubation time to 1 h. The fluorescence clusters were deposited on the cytoplasmic side of the plasmalemma, as well as they were bound to intracellular membranes ( Figure 5A , B).
CPP-mediated siRNA delivery into cells
The efficiency of siRNA delivery was checked by measurement of intracellular SASH1 mRNA levels in comparison to control cells with the use of qPCR technique ( Figure 6 ). CRC cells were incubated with siRNA for SASH1 mRNA at 10 or 50 nM concentration in a presence of CPPs. Based on the results of the streptavidin delivery into the cells and due to shortage Figure 6 . Efficiency of siRNA delivery into CRC cell lines with CPP assistance. HT29 and HCT116 cells were incubated for 12, 24 or 48 h with siRNA (50 nM) and CPPs at the concentration of 2 µM. Total RNA isolation from all cells followed by reverse transcription was described in Methods. SASH1 mRNA levels were assessed by qPCR and normalized to GAPDH mRNA content in each sample, followed by calibration to control cells which were set to 1. Bars represent mean ± SD SASH1 expression values measured at all-time points (12, 24 and 48 h) in three replicates for each time-point. *significant differences between control and treated cells; p < 0.05 (Mann-Whitney U test) of available siRNA, we did not use TP-biot13 in this experiment. No differences were observed in mRNA expression ratio when 10 nM siRNA was used (data not shown). Significant decrease of SASH1 mRNA content were observed when HT29 and HCT116 cells were preincubated with 50 nM siRNA before CPPs were added (with one exception -TP-biot1 in HCT116 cells). Simultaneously, no significant changes in the SASH1 mRNA levels were observed in cells treated only with CPPs or siRNA ( Figure 6 ).
Discussion
The ability to cross the cellular lipid bilayer and access the cell interior is still one of the major obstacles to overcome in order to progress current drug development. Therefore, various techniques have been developed in order to improve cellular uptake of bioactive agents [33] . CPPs are the promising factors which can improve the introduction of bioactive substances into tumor cells [18] . To date, the CPPs-mediated cargo delivery in in vitro conditions has been widely studied [9] ; however, just few studies were performed on CRC-derived cell lines. E.g. the efficiency of cargo introduction by TAT into HT29 [34] and BR2 into HCT116 cells was reported [35] . Our study is the first focused on the effects of TP, TP10 and their biotinylated derivates on cell viability and large protein cargo delivery into early-staged HT29 and metastatic colorectal cancer HCT116 cells. Moreover, we established the concentration ranges of TP, TP10 and their biotinylated derivatives which affected cell viability and induced apoptosis. In model cancer cell lines, HeLa and CHO (hamster ovarian cancer) cells appeared to be more sensitive to TP (LD50 = 4 and 10 µM, respectively) [36] . Interestingly, our observation of similar effects of TP and TP10 on cell viability and cell cycle progression is puzzling since TP was shown to strongly down-regulate GTPase activity followed by decreased cell viability, due to the presence of full-mastoparan sequence, whereas TP10 had no effect on this enzyme [8] . Our findings could be explained by the reported up -regulation of KRAS protein (protein with GTPase activity) in HT29 cells [37] and Ras-GTP-activating protein in HCT116 cells [38] which may overcome the GTPase inhibitory effect of TP. On the other hand, the observed higher cytotoxic effect of TP10-biot1 as compared to TP-10 during prolonged incubation (up to 48 h) with HT29 and HCT116 cells might be caused by increased pore formation in plasma membrane and induction of apoptosis [39] .
Despite of cytotoxic effect exerted at concentrations higher than 18 µM for TP and 23 µM for TP10, those CPPs are still one of the foremost studied agents due to their high delivery ratio at non-toxic concentrations [40] . The main goal for all CPPs in cancer cell studies is to deliver anticancer agents into cytoplasm/nucleus without causing damage to the cell membrane. Recently, siRNA [41] , plasmid DNA [34] , PNA [42] or PMO (Morpholino oligomers) [43] agents have been intensively studied in order to trigger specific cellular responses via up or down regulation of gene expression. Moreover, CPPs were used for the induction of direct cellular death by the introduction of doxorubicin [44] or anti-cancer drug paclitaxel [45] into the cancer cells. Intriguingly, Song and colleagues observed that TP10 and its analogs preferentially entered cancer cells rather than normal cells [18] . The phenomenon of the uptake selectivity toward cancer cells could make TP10 and its analogs potent CPPs for drug delivery to these cells. Recently, the effects of a fusion peptide that contained the TP-bound LXXLL--motif of the human SRC-1 nuclear receptor box 1 was investigated in vitro in breast cancer cells line. This peptide induced dose-dependently cell death of breast cancer cells and this effect was not influenced by estrogen receptor (ER) status. It reduced also the viability and proliferation of hormone-unresponsive breast cancer MDA-MB-231 cells [46] .
All the mentioned cargoes were characterized by small molecular masses and were covalently bound to CPPs which modified the molecular conformation of CPPs by the formation of disulfide bridges. The specific feature of our study, as opposed to the other ones, was to introduce large protein into cancer cells by establishing non-covalent bonds with the studied CPPs (CPP-biotin-streptavidin complex) [47] .
Despite of the effective streptavidin delivery with the use of TP-biot1 and TP10-biot1, inefficient insertion with the use of TP-biot13 was observed. We suggest that steric hindrance of the streptavidin-biotin complex can heavily affect delivery capability of this TP derivative. The salt bridge between Lys 13 of TP (or Lys 7 in TP10) and phospholipids of the synthetic bilayer may be the key to TP transport across the plasma membrane [18] . Therefore, if Lys 13 in TP-biot13 is hidden in the active site of streptavidin, then the occurrence of TP-plasma membrane effect may be less possible, due to steric hindrance. Although such explanation requires experimental verification, the positive results obtained with the use of TP-biot1 and TP10-biot1 can be a partial confirmation of this hypothesis.
Large protein delivery usually occurs by the way of endocytosis [25, 48] . CPP/cargo complexes reside then in endosomal vesicles and only a minor portion of them is able to escape these compartments, which www.fhc.viamedica.pl decreases enormously the bioavailability of the transported substances [49] . Räägel et al. described the population of complexes-containing vesicles with neutral pH observed during intracellular trafficking. Induction of vesicles with non-acidic pH could be crucial for the escape of CPP/cargo complexes from endosomal compartment [50] . On the other hand, CPPs may utilize two or more trafficking pathways depending on the experimental conditions [51] . Our studies refer to these observations as streptavidin transport by biotinylated TP and TP10 into CRC cell lines was independent of the endocytosis because brefeldin A did not inhibit this process. Brefeldin A was used to block cellular vesicle traffic pathways as it indirectly inhibits protein transport from the endoplasmic reticulum to the Golgi apparatus by preventing formation of COPI-mediated transport vesicles [52] . Moreover, the process of transport across the plasma membrane was CPP-concentration dependent. On the other hand, the blockage of vesicular transport reduced the efficiency of delivery in the case of TP-biot1 (Figures 3 and 4) . Thus, endocytosis was not the main trafficking pathway for large cargo delivery by TP molecules in the studied CRC cell lines, although a partial contribution to this process, especially in the case of TP-biot1 cannot be excluded. To our knowledge, the analysis of intracellular trafficking of TP-biot1-strept-FITC and TP10-biot1-strept-FITC complexes with the use of brefeldin A was not performed earlier.
Our studies showed also that the introduced complexes of TP-biot1-strept-FITC in HT29 cells were bound to cytoplasmic side of plasmalemma or to intracellular membranes. This observation is in agreement with the reported location of other CPPs, such as TAT [53] or TP and its derivatives TP10 and TP14 [8] .
We also checked if a small molecular mass cargo, siRNA, could be transported into CRC cells by analyzed CPPs. In theory, after successful delivery, siRNA should decrease the mRNA level of targeted gene, hence the comparison of SASH1 transcript level between control (no siRNA) and siRNA + CPP-treated cells should determine the efficiency of delivery. Since we noted the efficient decrease of intracellular SASH1 mRNA level by SASH1-specific siRNA, we expect that the use of TP and its derivatives for siRNA delivery into CRC cell lines could be a good alternative to other siRNA-delivery systems, due to lack of negative effect on cell viability of analyzed CPPs.
In summary, we have documented that TP, TP10 and their biotinylated derivatives can be used as efficient delivery vehicles of small and large cargoes into CRC cells.
